Knowledge of the exact three-dimensional (3D) shape of the feet is extremely important for the footwear industry, since the correct fit between the shoe and the foot is an important comfort factor. Badly fitting shoes are the major cause of pain, foot related diseases and injuries [1] to [4] . 3D feet measurement therefore provides state of the art data for: (i) producing an adaptive design of a standard shoe; (ii) personalizing the shoe to individual foot dimensions; (iii) creating a better fitting for standard mass produced shoes and (iv) determining the best-fitting shoe for customers in a shop selling standard shoes. Traditionally, foot measuring techniques used callipers and measuring tapes. Simple mechanical devices were developed later, such as the Brannock device [5] and [6] or the Ritz stick length measuring device [7] , which only measures a few of the most important foot dimensions, such as foot length, arch length and foot width. The next step in the foot measurement evolution are two-dimensional foot scanners, which measure the shape and dimensions of the footwear using a photo capturing in a flat plane [8] . The major drawback of these systems is the lack of foot height measurement. So-called two-and-half-dimension scanners, which measure foot contours from the top and side view [9] to [11] enable extraction of foot's length, width and height in any cross-section. But the girths of the crosssections, their curvature and local foot deformation are still not known.
INTRODUCTION
Knowledge of the exact three-dimensional (3D) shape of the feet is extremely important for the footwear industry, since the correct fit between the shoe and the foot is an important comfort factor. Badly fitting shoes are the major cause of pain, foot related diseases and injuries [1] to [4] . 3D feet measurement therefore provides state of the art data for: (i) producing an adaptive design of a standard shoe; (ii) personalizing the shoe to individual foot dimensions; (iii) creating a better fitting for standard mass produced shoes and (iv) determining the best-fitting shoe for customers in a shop selling standard shoes. Traditionally, foot measuring techniques used callipers and measuring tapes. Simple mechanical devices were developed later, such as the Brannock device [5] and [6] or the Ritz stick length measuring device [7] , which only measures a few of the most important foot dimensions, such as foot length, arch length and foot width. The next step in the foot measurement evolution are two-dimensional foot scanners, which measure the shape and dimensions of the footwear using a photo capturing in a flat plane [8] . The major drawback of these systems is the lack of foot height measurement. So-called two-and-half-dimension scanners, which measure foot contours from the top and side view [9] to [11] enable extraction of foot's length, width and height in any cross-section. But the girths of the crosssections, their curvature and local foot deformation are still not known.
The complete 3D scanning systems are the logical progression to the mentioned limitations of the earlier systems. These systems are mainly based on the laser triangulation principle. One of the first such systems was the measuring system made by the VORUM research corporation [12] . It has four laserline projectors and eight cameras, which measure the lateral cross-section of the foot, defined by the projected light plane. The entire 3D foot shape is further scanned by moving the complete projectorscameras assembly along the longitudinal foot axis (from the toes to the heel). Since the complexity of this system is relatively high due to the many cameras and lasers, which should be actuated during the measurement procedure, the price of the system is rather high. Similar system, but low cost, was later developed by Kouchi and Mochimaru [13] . Such systems are therefore mainly used in research and medical applications [14] to [17] .
There are many attempts to overcome the economical drawback of above solution, which is still a gold standard in terms of measurement precision. One direction of development was to eliminate the scanning procedure. A representative of this technique is described in [18] where the foot is measured by four stationary measuring modules based on laser multiple line triangulation. The methods based on the fringe projection technique are also presented in [19] to [21] . The major improvement regarding the scanning techniques is the shorter measuring time, which in principle enables the study of the foot shape during walking [18] and [22] to [25] .
The second line of development went into the reduction of the number of cameras and lasers. Such an example is the method described by Boer and Dulio [26] . The person being scanned steps on the platform, which has photogrammetric landmarks for the detection of the current position of the measuring head, consisting of a camera and lights.
The measuring head rotates around the foot making a full circle and measures the 3D foot shape based on the stereo principle. The weak point of this solution is that prior to the measurement the subject needs to wear specially textured socks.
Foot scanning system presented in [27] is based on laser line triangulation where the measuring head moves around single foot in oval shaped trajectory. Again the measurement procedure consist of consecutive right and left foot scanning, where each takes approximately 13 seconds.
The new 3D foot measuring system represents an innovation in terms of simplification and speedup measurement. This is based on simultaneous measurement of both feet without using special socks. The apparatus is intended to be used mainly in shoe shops and in outpatient clinics; therefore its design is robust and simple to operate.
In the first part of this article an optomechatronic design based on the laser triangulation principle is described. Then the algorithms for a 3D shape reconstruction and the extraction of the dimensions of the feet are presented. The presentation is concluded with measurement examples which demonstrate the measuring precision of the system.
OPTOMECHATRONIC DESIGN
The 3D feet scanning system with a rotational measuring head is schematically presented in Fig. 1 . The measuring head (MH) is attached to the rotating arm (RA), which rotates around the centre of the standing platform (SP). The basic 3D measuring principle is laser-multiple-line triangulation [18] which is incorporated into a MH. Since the MH measures only three profiles of the measured surface at a time, a rotational scanning technique is implemented to measure the entire surface of both feet simultaneously. The rotation of the RA and its marginal positions are also pointed out in Fig. 1a . The RA is driven by a stepper motor (SM) by using a synchro-belt transmission. The SM and the MH are controlled by the control unit (CU), which is connected to a personal computer (PC). The main part of the system is the MH which consists of a laser projection unit (LPU) and two cameras (C1 and C2) which are symmetrically positioned on each side of the LPU (see Fig. 2 ). The LPU projects three vertically directed and equally inclined laser light planes on the measured surface. The boundary laser light planes, LP-1 and LP1, are displaced for the interbeam angles δ 1 and δ 2 according to the central plane LP0, which is directed toward the centre of the SP.
Since the cameras acquire images of the illuminated measured surface from different viewpoints, the positions of the laser contour points in the image space are directly related to the distance between the MH and the measured points. The MH is positioned approximately 200 mm above the SP and is oriented towards the centre of the SP (see Fig.  1b ). This position ensures that almost all the foot's surface area which is not in contact with the SP can be measured. It should be stressed that the sole part of the foot, which is in contact with the SP has a planar shape and therefore its geometry is known. The measuring head configuration with two cameras and three laser light planes was chosen to reduce the shadowing effects which appear on the inner sides of both feet. Figs. 3a and b show the situations where the MH is in a position where one camera (C2 in Fig. 3a or C1 in Fig. 3b ) cannot see the illuminated surface of the opposite foot due to an occlusion with one of the ankles. So, two symmetrically positioned cameras are used to avoid these occlusions.
Fig. 2. Components of the measuring head -top view: C1 and C2 -two cameras, LPU -laser projection unit, LP -1 to LP 1 -laser light planes
The ankle also blocks the laser light planes from reaching the opposite foot (see Fig. 3c ). Each light plane is blocked in a certain region (dashed areas on Fig. 3c ) which is governed by the position and size of the ankle section and by the interbeam angles δ 1 and δ 2 . We can see that by using only a central light plane LP0, the inner side of the toes are hidden (see the red dashed region in Fig. 3c ). Therefore it is important that the regions where the light is blocked do not interfere. By using this rule, we can determine the position of the foot on the SP and the interbeam angles δ 1 and δ 2 so that the maximum length of the measured foot can be up to 325 mm. Fig. 4 shows the final design of the measuring system, which consists of two main subassemblies: the measuring part and the operating console. Both can be easily detached for long-distance transportation, but in case of room-to-room movement, the system has two wheels under the operating console. The cameras (producer: Unibrain; model: Fire-I; CCD sensor size: Fig. 4c . The stepper motor drives the RA by using a synchro belt transmission with a reduction ratio of 20. The CU is implemented with an 8 bit μP PIC 16f876 which drives the 4-poles unipolar SM and sends the data of the exact RA angular position for a single acquired camera-image to the PC. Communication between the CU and the PC is implemented by using the RS232. The PC (Asus Pundit P1-AH2) is the central unit for controlling the cameras, lasers and the rotation of the MH. On the other hand, the PC stores the acquired images, extracts the 3D shapes and dimensions of the feet, calculates the fit between the feet and various footwear models and finally shows the results to the customer. A touch screen monitor (ELO 1715L 17″) is used for a user-friendly interaction and measurement display.
MEASURING PROCEDURE
The measuring procedure starts when the customer steps on the SP and enters their gender and age. The measurement takes 10 seconds while the MH encircles both feet. During that time, the person must not move. After that the measured feet are reconstructed (see the next chapter) and shown in 3D together with the main dimensions, such as the length and maximum width, height and girth in the forefoot region. If the customer or operator is satisfied with the results, the complete 3D measurement is saved to the PC, otherwise the measurement is repeated. If the system is used in a shoe shop then it follows the so called matching algorithm, where the geometrical difference between the foot and the shoe's internal volume is calculated for an entire assortment of selected shoe models [14] , [26] and [28] . The models with the best fit are then suggested to the customer.
DATA PROCESSING
The data processing begins based on the images of the illuminated feet acquired by both cameras (see Fig. 5 ).
The first processing step is a sub-pixel line detection [29] , where the laser-line contours locations are determined along the vertical direction in each column of the image. Afterward, the correlation between the detected contours and the laser light planes is determined, which is done by sorting the segments along the vertical.
Three-Dimensional Reconstruction
The reconstruction of the 3D shape from the sequence of detected contours is performed in the next step. The algorithm is divided into partial transformations, where the first four are the same as described in [18] . Afterwards we get the coordinates of the measured point T in the MH coordinate system (X MH , Y MH , Z MH ; see Fig. 6 .), where the Z axis is collinear with the optical axis of the middle laser projector (LP 0 ), the origin is at the light planes' cross-section and the X axis is parallel with the camera's sensor plane as is shown in Fig. 6 . The transformation into the World Coordinate System (WCS) is the last step, which considers the rotation and translation of the MH. The WCS's XY plane lies on the SP, its origin is coincident with the centre of the SP and the X W axis is directed toward to the operating console (see Fig. 6 ). By using such a convention, we can calculate the point radii vector (r W ) by using the following equations:
where r MH is the point radii vector described in the MH coordinate system and the rotation matrix R MH describes the rotation of the points around the Z MH and Y MH axis considering the β and γ angles respectively: Vector T MH describes the translation of the points for the distances H and R as shown in Fig. 7 :
The rotation matrix R ϕ considers the rotation of the MH around the rotation axis: 
where ϕ is the angle between the X W axis and the rotation arm. The exact value of this angle is obtained from the CU during the scanning procedure for each acquired image. The last rotation matrix describes the deviation of the rotation axis from the perpendicular orientation relative to the SP (see Fig. 6 ): 
where ε and κ are the angles of inclination of the SP around the axes X W and Y W respectively. Finally, the points are translated for vector T W , which describes the small misalignment between the calibration etalon and the origin of the rotation axis:
The misalignment in the X and Y direction is denoted by Δ X and Δ Y , respectively.
The above-described calculation is performed for all the detected points of all three line segments and for all the acquired images from both cameras (typically 300 images from each camera). Since the basic laser triangulation arrangement consists of one camera, we treat our MH as an assembly of two measuring modules, where both use the same LPU. In this way we get six partially overlapping surfaces, where each surface belongs to one light plane measured by both cameras. An example of such measurement is shown in Fig. 7a , where the colours represent different surfaces. This kind of measurement is also called raw data, because post-processing steps must be done prior to extracting the dimensions of the feet.
Fig. 6. Schematic representation of the measured point (T) transformation from the MH coordinate system to the World Coordinate System (X W Y W Z W )
The first step is to create two groups, where the first includes all the points lying on the left hand side of the X W Z W plane (Y W > 0) and the second all other points. Cross-sections perpendicular to the X W axis are extracted at every millimetre in the second step. Each cross-section is further divided into the foot and supporting plate (SP) part. The points which describe the SP are then deleted, but the section where the foot is in contact with the SP is linearly interpolated. Fig.  7b shows only point cloud of measured SP, where the sole contact area is clearly visible. Finally, the points between the consecutive cross-sections are triangulated, which results in two surfaces describing the left and right foot. These surfaces are then filtered by using a 3D filter where the radius of the averaging sphere is 3 mm. An example of the post-processed measured feet is shown in Fig. 7c. 
Extraction of Global Foot Dimensions
Linear foot dimensions such as length, width, height and girth are also called global dimensions since they describe the foot as a whole. These dimensions are dependent on the measuring direction; therefore the first step in the extraction procedure is the alignment of the foot into a standard position, which is described in [18] . In such a position, the foot length is defined as a maximum X coordinate; the width is defined as the difference between the maximum and minimum Y coordinate of the cross-section at 66% of the foot length; and the height and girth are determined at the same cross-section. Besides the above-mentioned dimensions, the cross-sectional dimensions (width, height and girth) at other positions are also extracted to calculate the fit between the foot and shoe geometry.
MEASUREMENT EXAMPLES
To demonstrate the measuring precision of the system, three experiments were made: (i) measurements of test object to show the pure system dependent precision; (ii) measurements of living human to show the influence of foot deformability; and (iii) comparison between the traditional and 3D measurements according to ISO 20685 standard [30] .
In the second case, none of the participants had before or at the time of measurement, injured or in any other way harmed their feet. The participants were informed of the methods used and their rights as participants. Written informed consent was obtained from all participants.
Validation by a Test Object
The plastic feet were copies of natural feet made from high density polyethylene. The length was 272.2 and 278.7 mm for the left and right foot respectively. Both feet were dressed in white cotton socks. They were positioned ten times randomly within the marked area of measurement (see Fig. 4 ) and measured. The measuring precision of the feet length (L), width (W) and girth (G) were analysed by calculating the standard deviation (SD) of each dimension separately for the left and right foot. The results are shown in Table 1 .
Validation by a Living Human
In the second step, the measurement repeatability of one male subject (age 48 years, height 1.70 m, and weight 65 kg) was studied. The subject wore white cotton socks on both feet. After each measurement, the subject had to step down from the SP and wait for 1 minute. An analysis of the measurements was made for the same dimensions as in the first step. The results for ten measurements are presented in Table 2 .
Comparison between Traditional and 3D Measurements
Twenty subjects (10 males and 10 females) of age 46.5±9 years were measured using the presented system and traditionally using calliper and tape. Dimensions were then compared. Means, standard deviations and 95% confidence intervals for 3D minus traditional measurements of length, width and girth are presented in Table 3 . The 95% confidence intervals were calculated as mean ±1.96•SD. 
DISCUSSION
The main objective of this paper is to show the operation principle and precision of the presented foot measuring system. Repeatability test of the plastic feet (presented in Table 1 ) shows that the SD for all feet dimensions is better than 0.6 mm. The difference between the maximum and minimum foot length is 1.8 and 1.9 mm for the left and right foot respectively. The maximum difference for the width is 1.5 and 1.6 mm, meanwhile the maximum difference of the girth is 1.5 and 2.1 mm for the left and right foot respectively. The comparison of the results between the left and right plastic feet does not show any essential difference. The results of repeatability measurements of living human show (see Table 2 ) that the SD and maximum differences are approximately 60% higher compared with the plastic feet. The maximum SD corresponds to the length and girth of the left feet, which is 1.0 mm. The maximum difference is in the girth measurement, where it is 3.2 mm. The smallest difference and the SD correspond to the width, where the SD is 0.7 mm and the maximum difference is 2 mm. We assume that the lower repeatability is mainly related to the transient fluctuations in feet dimensions, especially with a deformable foot, whose shape is mostly determined by the current pose of the subject [25] .
Comparison between traditional and 3D measurement (see Table 3 ) shows that dimensions obtained by 3D measurement are systematically larger for 1.3, 1.8 and 1.0 mm in case of length, girth and width respectively. Further, the SD of differences are within the same range as SD obtained from repeatability measurements of living human.
According to ISO 20685 [30] , the 3D foot scanning system can be said to give results sufficiently comparable to traditional methods if the 95% confidence interval for the 3D minus traditional measurements is within ±2 mm. Table 3 shows that only the width is measured with the sufficient accuracy, while the length and the girth measurements do not meet the requirement. The main reasons are large systematic offsets, which are more than three times greater than in case of test object (plastic feet). According to this we assume that the offsets originate mainly from the slight deformation of the live foot in the vicinity of the contact area during traditional measurement. In future software version this offset can be minimised with a simple calibration in order to provide compatible anthropometric data.
The presented results show that the measuring precision of the key foot-dimensions are better than the recommended precisions by Goonetilleke [31] , therefore it can be concluded that the system is suitable for use in the footwear industry. The collected data are mainly used for: (i) automatic shoe size selection according to the customers feet and (ii) for development of new lasts. On the other hand, the system is not suitable for insole customization since it does not measure the entire sole area.
CONCLUSION
The presented system for 3D measuring of the foot is based on the laser-multiple-line triangulation principle. The main part of the system is the measuring head which rotates around the centre of the standing platform where the treated person stands and measures both feet simultaneously in 10 seconds. The analysis of the foot shape is performed for the length, width, height and girth. Three experiments were done to validate the measuring precision. Validation by plastic feet shows that the system measures the length, girth and width with a precision better than 0.6 mm. Validation by living human shows that the repeatability is better than 1.0mm. Comparing with traditional measurements, dimensions are systematically larger for approximately 1.5 mm in case of 3D system. This is a consequence of foot deformation during traditional measurement.
The presented results show that the new system is versatile and yet affordable and easy to use tool for accurate feet measurement in footwear development [32] , selling and research applications. At the moment a pilot production of 14 systems was already conducted, and the design is ready for industrial production.
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